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Introduction
The reversible Li + extraction/insertion behavior in olivine phosphates and its suitability as a cathode material in rechargeable battery was first demonstrated by Padhi et al. in 1997 [1] .
However, the low electrical conductivity and lack of suitable high voltage electrolytes, limits the olivine phosphates for high energy applications [1] [2] . Further, lithium-ion battery that uses nonaqueous solvents as an electrolyte has safety concerns due to their highly toxic and flammable organic solvents. Aqueous rechargeable batteries may solve the safety problem associated with the currently available lithium-ion batteries and the poor cycling life associated with lead-acid and nickel-metal hydride systems. Recently, we showed [3] [4] LiOH aqueous electrolyte found to be an alternate to perform the electrochemical behavior of olivine cathodes. It was reported [5] that the electrical conductivity of the olivine can be improved and is strongly dependent on the synthetic method of the materials that influences superior physical properties i.e. smaller particle size, conductive coatings and transition-metal ion doping.
Considerable improvements have been made in the preparation of high-performance materials that includes the use of preparation methods like hydrothermal [6] , co-precipitation [7] , and microwave-assisted [8] that yield narrow particle size distribution, unique morphology, enhanced conductivity and lower calcination temperature. Among the synthesis methods, sol-gel method can produce particles in smaller size with homogeneous distribution, good stoichiometric control and in-situ carbon coatings [9] . Sol-gel method is a wet chemical synthesis in which chelating agents form a percolated homogeneous metal matrix, yielding well crystalline particles of reduced size. Above the decomposition temperature, the chelating agent decomposes and the carbon atoms appear as residual carbon to form carbon composites. This simple method can A c c e p t e d M a n u s c r i p t 3 produce homogenous powders of increased surface area that enhance the performance of the electrochemical activity of the battery [9] [10] .
Although a variety of organic solvents and polymers are available as chelating agents, citric acid (CA) was widely used as chelating agent due to its carboxylic group [10] . During gelation, it is believed that CA provides a strong bonding with the metal ion through its carboxylic group that led to obtain a homogeneous precursor gel with finer particle size. But the degradation of CA during synthesis leave randomly coated residual carbon over the cathode that does not show any superior quality in terms of electrochemical performance to that of the uncoated cathode [11] . In this context, the chelating agents like triethanolamine (TEA) and polyvinylpyrrolidone (PVP) have unique properties [11] [12] [13] . One of the unique properties of TEA is the presence of nitrogen atoms which act as a fuel in producing internal heat and performs a combustion reaction. The resulted heat accelerates remarkably the decomposition of the remaining constituents that results in smaller particle size with higher crystallinity [12] . In the case of PVP, the unique strong pyrrolidine ring (with nitrogen and carbon atoms) in PVP decomposes and forms a new organic trap over the material that increases the conductivity of the olivine [11, 13] . Hence, the physicochemical properties of olivine powders strongly depend on the chelating agent used in the sol-gel method. This prompted us to investigate this range of chelating agents and to determine their role in achieving a higher energy density battery in a safe environment using aqueous electrolyte.
With this as an objective, in this paper, the olivine phosphate containing mixed transition metal cations i.e. LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 was synthesized by a sol-gel method using a range of chelating agents. The chelating agents used in this study are Citric acid (CA), Triethanolamine synthesized by sol-gel route. The battery was constructed with the synthesized composite cathode and zinc anode using LiOH electrolyte. Elemental concentration of the olivine powders were analyzed through proton induced x-ray emission (PIXE) and proton induced Gamma-ray emission (PIGE) techniques for elements heavier than Al, and lighter than Al, respectively, with both techniques being non-destructive [14] . This ion beam measurement was performed at ANSTO using the 2 MV tandem ion beam accelerator with 2.6 MeV protons.
Experimental
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Electrochemical measurements
An EG&G Princeton Applied Research Versa Stat III model was used to scan the potential at 25 μV/s in all cyclic voltammetric (CV) experiments. The standard reference electrode was Hg/HgO purchased from Koslow Scientific. The cell design and its experimental procedures for the galvanostatic and slow scan cyclic voltammetric studies were made in a similar way to that described in our earlier report [15] . galvanostatically at a constant current of 0.2 mA (on mass density 8 mA/g) using an 8 channel battery analyzer from MTI Corp., USA, operated by a battery testing system (BTS). extending up to 405°C may be ascribed to the decomposition of CA benzene ring (six carbon atoms) and the formation of the olivine compound, which is displayed by the predominant exothermic peak observed [13, 16] in the DSC profile around 400 o C. Small endothermic peak in the region 150 to 250°C for all samples is attributed to the release of physically adsorbed water from the precursor mix and ammonia as by-product [17] . The CA and PVP samples show only the exothermic peaks, whereas TEA sample shows two endothermic peaks at 350°C and 425°C.
Results and Discussion
This is ascribed to the nitrogen atom present in TEA that functions as a fuel in producing internal A c c e p t e d M a n u s c r i p t 7 heat and combustion reaction. In the case of PVP sample, although an exothermic peak is seen at lower temperature (350°C) than that observed for CA sample, the strong pyrrolidone ring in PVP with nitrogen atom was not decomposed up to 450°C. The DSC curve for the mixed chelating agents shows the synergetic effect in the thermal behavior, which has well pronounced endothermic peaks at lower temperature (180 and 220°C), and was attributed to the release of ammonia and physically adsorbed water. A sharp exothermic peak observed at 310°C is due to decomposition of acetate precursor and a broad exothermic peak at 450°C is due to the decomposition of carbon atom and combustion of nitrogen atoms in chelating agents. However, this exothermic peak at 450°C is broad and extends up to 600°C, but no significant weight loss was found in TGA curve beyond 410°C, and this is ascribed to a reorganization of the crystal lattice [5] . The flattening of the DSC curve indicates the thermal reaction was completed after the formation of olivine phase compounds. compound containing all different chelating agents. All the observed XRD peak reflections can be assigned to a pure phase with olivine-type orthorhombic structure Pmna (JCPDS: 01-085-0002). A small peak split was observed in all the major peak reflections for PVP and mixed chelating agents samples, but no additional impurity peaks were observed. The polymer ligand and metal ion complex formation depends on the oxidation state and ionic radii of the metal cation substitution. As Co, Ni and Mn are in the same oxidation state (2 + ), the complex formation depends on the ionic radius [18] . Here, Co and Ni have smaller ionic radii than the Mn ion and a smaller ionic radius can facilitate faster interaction with the polymer and hence the peak splitting can be related to the Mn bigger ionic radius i.e. LiMnPO 4 phase. This peak splitting and absence of any other phase than olivine confirms the resultant crystal was pure A c c e p t e d M a n u s c r i p t 8 phase with small lattice tilt without affecting the solid phase [19, 20] . This peak splitting was not observed for CA and TEA precursors this may be due to the nature of the gel formation.
The FT-IR spectra of sol-gel derived olivine LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 phase compound are shown in Fig. 3 . IR spectral bands have been observed at wavelengths around 500 cm -1 and 650 cm -1 for the fundamental modes of PO 4 3-vibrations [21, 22] that are ascribed to the Li-O bending vibration and Li-M (metal cations) -O stretching vibration, respectively. A few minor differences are observed between the spectra due to the effect of chelating agents. The IR spectral band observed at 642 cm −1 for PVP is a well resolved doublet, whereas, this is not well identified for other chelating agents. On a closer examination, a small decrease in intensity and band broadening for the spectral band at 510 cm −1 to 460 cm −1 are observed respectively for CA and mixed chelating agents samples. The difference observed in the stretching mode for PVP suggests the presence of a trapped organic layer in the local structure [22] . The low energy spectral bands at below 530 cm −1 is due to the symmetrical bending modes and Li + lattice vibrations, and the change in the band intensity for CA and mixed chelating agents are attributed to differences seen in cation mixing and particle size. provides a strong contact between the subsequent particles (agglomeration) and improves conductivity between the particle to particle contacts [11] . Hence, a diverse range of properties chelating agents (CA+TEA+PVP) shows unique morphology comprising of sub-micron particles size, uniform particle size distribution, a low degree of agglomeration, with a primary particle size of ≤ 3 µm. This conclusion is also confirmed by the particle size distribution histogram ( A c c e p t e d M a n u s c r i p t 10 agents CA, TEA or PVP. Since the atomic distribution depends on the particle size, higher concentration was observed for CA due to larger particle size [23] .
Electrochemical characterization of LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 electrode
The A c c e p t e d M a n u s c r i p t 11 cathode was synthesized for the first time in combining all these chelating agents. As expected, cathode synthesized by mixed chelating agents (CA+TEA+PVP) resulted in broad and well defined redox peaks which are attributed to the synergistic effect of all these additives.
The typical charge-discharge characteristics and its trend in discharge capacities upon multiple cycles for all the synthesized cathodes are shown in Figs. 8-9 . The charge-discharge curves are characterized by one charged plateau and two discharged plateaus are identified in Fig. 8 . The lower discharged plateau around 1.0 V is not well accessed for CA and TEA as chelating agents and hence the poor capacity. While for PVP and mixed chelating agents the plateau is quite long implying the insertion/de-insertion behavior is improved. Unusual chargedischarge behavior and the increase in specific capacity upon cycling, was observed for PVP (from 64 to 75 mAh/g) and for mixed chelating agents (from 69 to 100 mAh/g) cathodes upon successive cycling. A similar trend of charge-discharge behavior was also observed in the literature for PPy/LiFePO 4 composite [24] using non-aqueous solvents as an electrolyte. It is reported in the literature that this unique behavior is observed due to the change in volume of trapped polymer layer for an initial oxidation and then the structure is stabilized [24] . Also, Sasaki et al [25] reported that the trapped organic between electrode-electrolyte interface increase the lithium ion diffusion rate with better capacity retention. The direct evidences of trapped polymer layer formations in PVP are reported by the authors in a separate publication [26] . On the other hand, chelating agents CA (from 40 to 30 mAh/g) and TEA (from 68 to 38 mAh/g) cathodes showed drastic loss of 23 % and 45 % in their capacities respectively on subsequent cycles. The inhomogeneous particle distribution and random carbon coating are attributed to a poor capacity for CA cathode. Very fine particles caused by an additional combustion heat and its low conductivity led to a severe capacity fade for TEA cathode. In the A c c e p t e d M a n u s c r i p t
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case of combining all the three chelating agents within one compound, the mixed performances (synergistic effect) of CA, TEA and PVP resulted in an improved discharge capacity of 30 % increment with high capacity retention after the 25 th cycle than the PVP cathode by itself. The oxidation of the trapped organic species leads to volumetric changes, allowing for effective electrolyte penetration into the bulk cathode, thereby increasing the ionic conductivity and hence the unusual enhanced electrochemical performance is seen in Fig. 9 . This is reflected in increasing capacity during multiple cycling. The role of anodic zinc dissolution in aqueous LiOH solution during electrochemical discharge /charge cycles is reported by us earlier [27] which could inhibit the cycleability. To be suitable for practical applications, further work is needed to improve the specific capacity together with the cycle life of the olivine cathode mixed with all the three chelating agents (CA+ TEA+ PVP).
Conclusions
The M a n u s c r i p t M a n u s c r i p t Olivine phosphate containing mixed transition metal cations i.e. LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 was synthesized by a sol-gel method for the first time using a range of chelating agents.
The role of chelating agents in synthesizing olivine LiCo 1/3 Mn 1/3 Ni 1/3 PO 4 cathodes in rechargeable battery was investigated.
The battery was fabricated with synthesized cathodes, Zn anode and aqueous LiOH as electrolyte.
Synergistic effect of all the additives (CA+TEA+PVP; 0.33 ratio) led to an excellent electrochemical behaviour of 100 mAh/g after successive cycling.
